INTRODUCTION
Common bean (Phaseolus vulgaris L.) is one of the most important sources of protein, micronutrients, vitamins, and dietary fiber for the human diets especially in Sub-Saharan Africa (Bennink, 2005) . However, multiple pathogen co-infections on common beans cause complete crop losses in susceptible bean varieties (Wortman et al., 1998; Mahuku et al., 2002) .
Combinations of cultural and chemical control have been used, but have limited success against many diseases. Hence, genetic resistance is the most cost-effective and environmentally friendly control measure at farm level (Busogoro et al., 1999; Odogwu et al., 2017) . Broad resistance genes are generally bred into popular crop varieties, to protect them from new emerging pathogen races and prevent epidemics (Agrios, 2005) .
Recurrent backcrossing transfers alleles at one or more loci, from donors to an elite variety (Allard, 1960) ; while forward selection with markers, also referred to as markerassisted selection (MAS), only introduces that specific region. But by chance other, unlinked regions in the genome will also be introduced and this will create more variations through hybridisation upon which selections could be based (Kelly et al., 2003; Miklas et al., 2006; Collard and Mackill, 2008) . Pyramiding bean disease resistance genes through MAS and backcrosses, could provide a better strategy for developing durable disease resistances.
Previously, four bean parents with resistance to major diseases, namely Angular leaf spot (ALS), Anthracnose (ATH), bean common mosaic and necrosis virus (BCMNV); and Pythium ultimum (P.ult) root rots were combined into the same genotype at CIAT, a process referred to as pyramiding. Common bean genetic pyramids could, therefore, offer long-term strategies for managing major common bean diseases. However, in the process of developing pyramids, co-transmissions of loci that affects the overall quality of progeny lines is likely to occur. Hence, special attention needs to be paid to this condition.
Assessing the morpho-agronomic qualities of genetic pyramids is necessary and fits in the cyclic, recurrent breeding process of developing progeny lines with superiority to local checks (Allard, 1960) . In addition, transgressive segregation is another source of genetic variability to look out for among genetic pyramids, since it causes individuals in a segregating population to express traits of interest outside the boundaries of the parents (Arama et al., 2000; Schwarzbach et al., 2001; Acquaah, 2007) .
The objective of this study was to assess the agronomic qualities of advanced genetic pyramids developed from a four-way cross [(G2333 x MCM5001) x (MEXICO-54 x MLB49-89A)] at CIAT (Fig. 1) and relate genotypic information with field disease resistance among superior pyramided lines identified prior to multi-location evaluations.
MATERIALS AND METHODS
Common bean populations. The common bean populations evaluated (Table 1) were categorised as (a) parents: G2333, MEXICO 54, MLB49-89A and MCM5001, (b) genetic pyramids ( Fig. 1) and blank sister lines to pyramids, which lacked the combined genes; and (c) large seeded commercially released checks (NABE12C, NABE29C and K132). NABE 12C and NABE29C were picked due to their climbing ability in relation to climbing pyramided lines (Table 1) . K132 a bush bean was included as a local check due to its complete susceptibility to the targeted diseases and early maturity. All the bean populations evaluated were climbers except one donor parent, MCM5001.
Field experiment. The experiment was conducted on-station, in the fields of the National Agricultural Research Laboratories (NARL) at Kawanda in central Uganda (latitude: 0.4223° N, longitude: 32.5415° E; altitude 1178 m above seas level). The experiment was conducted for two seasons in 2015 (April -July and SeptemberDecember). The bean populations were evaluated in four randomised incomplete blocks, to increase homogeneity of soils within blocks; and replicated three times. The available seed of each entry was divided into two volumes to allow for set-up of the experiment for two seasons.
Thirty seeds were planted per entry in plots of two rows, measuring three meters long, with spacing of 20 cm x 60 cm within and Figure 1 . A simultaneous gene pyramiding scheme derived with SCAR markers since 2010 at CIAT, showing, parents with disease resistance genes donated in brackets, three backcrosses of pyramid/root genotype to G2333 and subsequent selfing to fix genes pyramided. Populations, 1 and 2 are segregating progenies, genotype 3 -6 are parents of the pyramids; and 7-9, released commercial varieties. All populations are climbing, except 6 (MCM5001) and 9 (K132). DFLO = days to flowering, Nodeno = number of nodes on the main stem, Flobuds = number of flower buds formed per inflorescence, Npodsplt = number of seeds per plant, Sdplt = number of seeds per plant; and 100ws weight of 100 seeds per plant. Diseases, ALS -angular leaf spot, ATH = anthracnose and BCMNV = bean common mosaic necrosis virus Foliar diseases in the field were scored as: <3 = resistant, 3.1 -6 = moderately resistant, 6.1-9 = susceptible, from flowering to maturity for each plant that survived. Pythium ultimum root rots disease (symptoms like plant wilting) were absent in the field and, therefore, further uprooting and sampling of P. ultimum pathogens was not necesary at this stage, since root rot evaluations would require destructive uprooting of potential superior bean lines whose seed would need multiplication for use in future evaluations. Common bean qualitative traits observed included: plant type, flower colour, seed shape, and seed colour. Superior progeny lines previously, tagged in the field with resistance to diseases and desirable agronomic qualities, were harvested using hands, put in paper envelopes and labelled accordingly and kept as germplasm.
Marker assisted selection
Polymerase chain reaction (PCR) and electrophoresis. The total genomic DNA of 345 plants in the field, from pyramided populations, was isolated in the molecular laboratory facility at CIAT, Uganda, according to Mahuku (2004) , and kept in Eppendorf tubes at -20°C for further analyses. DNA samples for amplification through PCR, were diluted to a factor of 1 in 30 µl solution and sorted out according to the field plan. The PCR reaction mix had 5 µl of the Accu-Power PCR premix composed of DNA polymerase, dNTPs, reaction buffer, blue tracking dye and patented stabiliser. One microlitre of DNA, 0.3 µl of each primer, and 3.4 µl water was added to the premix to make a total reaction volume of 10 µl.
The 345 sample tubes were placed in a thermocycler (MyGenie, Daejeon) for the PCR reaction cycle consisting of 95 ae% C for 5 minutes followed by 35 cycles of (94°C for 20 seconds, primer annealing temperature for 40 seconds, extension at 72°C for 1minute), and final extension at 72°C for 7 minutes. The PCR products of markers used (Table 2 and, http://phaseolusgenes.bioinformatics. ucdavis.edu, accessed March, 2015, for more marker details) were separated on 1.2% agarose gels ran for 30 minutes, at 140 voltages and stained in ethidium bromide (10 mg ml -1 solution) for visualisation under UV light, in Gel Snap (Syngene, India). Similarly, PCR products amplified with the phaseolin marker were separated as in Kami et al. (1995) , using 6% acrylamide gels due to its higher resolution.
Data analysis.
Statistics from the evaluated bean population were summarised using GenStat 14 th Edition (Payne et al., 2011) . Phenotypic correlations among traits were determined using the PROC CANCORR subprogramme of SAS (2011); and genetic correlations were computed using the Breeding View programme (VSN International Ltd, UK).
The assumption of equal variances among treatments required for mean comparisons of treatments in the general linear model (GLM), was not appropriate in these analyses due to segregation of bean progenies (pyramids and blank), which were regarded as random variables. Agronomic qualities and yield trait means were, therefore, compared using linear mixed models of the REML algorithm (McCarville et al., 2014) , using the Breeding View programme, where the fixed part of the model for the phenotypic traits (Y) was the overall mean (µ), plot and blocks; while the main effects of seasons and interactions were random variables. The random model terms were the main effect of the genotypes, assigned to incomplete blocks within whole plot and error using the Equation below. Y = µ + genotype + plot + block + season + genotype * season + interactions + error To test the effect of pyramiding on agronomic traits, a student t test was conducted among pyramided lines and blanks as a control. This was guided by the hypothesis that "the six pyramided disease resistance genes did not affect yield traits of pyramided bean populations".Observed transgressive traits segregation was computed by subtracting the mean of the four parents from that of pyramided bean populations.
RESULTS
Agronomic qualities, yield traits and transgressive segregation. The agronomic and yield traits performance, heritability and disease scores among common bean populations are presented in Table 1 . Pyramids segregated with varying levels of resistance to foliar diseases (ALS, Anthracnose and BCMNV), which enabled identification of nine superior lines with desirable qualities such as increased pod load per plant. For blank genotypes, levels of resistances to the three foliar diseases ranged from moderate to susceptibility; while differences in BCMNV disease scores among pyramids and checks was significant (P<0.01).
Among yield traits, only days to flowering and number of flower buds formed per inflorescence, were significant (P<0.05) among pyramids and blank bean lines at BC3F6 generation (Table 3 ). The means of the pyramided progeny bean lines deviated from means of the four donor parents; there was notable increase in flowering time (five days), one flower buds per inflorescence, 10 pods per plant and 88 seeds per plant; while weight of 100 seeds reduced by 3.1 grammes.
Correlations between agronomic traits and diseases. The relationship between disease scores and agronomic traits for bean populations are shown in Table 4 . Number of nodes per plant had a strong negative correlation with Angular leaf spot (r = -0.8, P<0.01) and Anthracnose (r = -0.76, P<0.01). BCMNV had strong negative correlations with weight of 100 seeds per plant (r = -0.54, P<0.01); while the correlation between flower buds and weight of 100 seeds per plant was negative (r = -0.67, P<0.01).
The number of seeds per plant had a strong correlation with flower buds (r = 0.58, P<0.01) Bold values are significance of P set at 0.05 and 0.01. HWS =100 seed weight (g), ALS = Angular leaf spot, ATH = Anthracnose, BCMNV = Bean common mosaic necrosis virus, DFLO = Days to flowering, Flobuds = flower buds, Nodeno = number of nodes on the main stem, Npods = number of pods per plant and Sdplt = seeds per plant and seed per plant and pods per plant (r = 0.55, P<0.01). Days to flowering and nodes formed on the main stem were strongly correlated (r = 0.54, P<0.01). Genetic correlations among agronomic and yield traits are shown in Table 5 . Strong positive genetic correlation was observed between seeds per plant (r = 0.71, P< 0.01) and number of pods (r = 0.67, P<0.01). Negative genetic correlations was observed between weight of 100 seeds and days to flowering (r = -0.58, P<0.01).
Qualitative traits among pyramids and recovery of recurrent parent traits. Progeny lines segregated for all traits, except Genotypic results were used to disaggregate bean progenies into pyramids and blanks for comparing their phenotypes through t tests; asterisk (*) shows significance at 95% confidence interval. Positive or negative deviation from parental mean shows the direction of segregations of pyramided genotypes from the mean of the four donor parents white flower and plant type (Table 6 ). Red seeds were the most frequent (72%) among progenies of pyramids; followed by black (19%) and brown (9%). Blank progeny lines lacked brown-seeded progenies;while red (43%) and brown (47%) seeds were comparable among pyramids progenies. However, both blanks and pyramids had small and medium seeded progenies. Progenies of pyramids and blanks had predominantly smallseeded lines, with 67% and 57%, respectively. The predominant seed shape was cuboid, with a frequency of 62% and 57%, respectively.
The recovery of the recurrent parent (G2333) traits in pyramided progeny lines was estimated using frequencies of pyramided phenotypes (Table 7) . Climbing ability was fixed; while seed colour and sizes segregated among pyramids.
Days to flowering (DFLO), number of flower buds (Flobuds), and number of nodes (Nodeno) of G2333 were not yet recovered in segregates by the third back-cross. Phenotypic similarity observed between pyramided lines and the recurrent parent, G2333, for the number of pods (12.5%) and weight of 100 seeds (10.7%) were still low.
DISCUSSION
Agronomic qualities, yield traits and transgressive segregation. Generally, gene pyramiding did not affect yield traits (Table  3) , presumably due to the independence of six disease resistance genes pyramided, and QTLs for yield traits. Significant transgressive segregations was observed for flower traits, between pyramids (+5 days) and blanks (+11 days) could be due to the effect of recombination in the progeny of the parents hybridised, maternal effects, or genotype by environment interactions.
Extreme phenotypes among segregates, have been reported to be caused by genetic recombination of alleles at several loci, epistasis, and reduced developmental stability in the genotypes (Schwarzbach et al., 2001; Hallauer et al., 2010) . Segregations of agronomic qualities and yield traits among pyramided progenies enabled identification of superior lines in the field with desirable qualities such as uniform or columnar pod distributions along the plant (J. Kelly, personal communication, 2015 ; Michigan State University, Department of Plant, Soil and Microbial Sciences).
The significant difference among pyramided bean populations (Tables 1 and 3) was attributed to trangressive segregations and large environmental effects on yield traits. Transgressive segregation was reported for climbing ability in common beans developed from inter-gene pool crosses (Checa et al., 2006) . Transgressive segregation was also found useful in enhancing resistance of wheat to Septoria tritici blotch for yield increase (Arama et al., 2000) .
The lack of brown seeded blank lines among blank progenies (Table 6 ) could be due to linkage in trans with one of the resistance genes or the relative small progeny sizes. Bold values show strong and significant correlations at probability value set at 0.05 and 0.01
Genetic pyramids of common bean developed for multiple-disease-resistance (47) Medium (43) Oval (10) - Traits 4-9 are quantitative, with there means in brackets based on the phenotype of G2333. Percentage of trait recovery is the ratio of number of progeny lines observed with phenotypic resemblance to G2333 to all progenies phenotyped. Traits with zero % were not yet recovered by BC3F6 (i.e traits 4 -6) and had ranges higher than in G2333, while traits, 5 and 8 had lower ranges. Values in brackets represent the actual number of progeny lines with phenotypic resemblance to G2333 for qualitative traits (1-3), and for quantitative traits (4-9) brackets show the range among segregating progenies Selection for seed colour in common bean was reported to have recovered significant segments of the bean genome after the crop's domestication through linkage drags (Beebe et al., 1995) , and caused more related genotypes to have seeds of similar colour (Duarte et al., 1999) , such as red-and black-seeded progenies observed in this study (Table 6) .
Correlations between agronomic traits and diseases. A strong negative correlation between days to flowering and 100-seed weight suggests that the small seeded bean lines are late maturing due to increased days to flowering in the bean population studied. Correlations showed that field diseases negatively influenced bean yield traits (Table  4) . For example, the effect of high incidences of BCMNV (a seed-borne pathogen) in the field, on weight of 100 seeds was evident. Strong phenotypic and genetic traits correlations in the present study point to usual correlations among yield traits in common bean (Tanaka and Fujita, 1979) . Strong negative correlations among traits generally affect selections for traits of economic importance during crop improvement; while weak correlations cause no difficulties during selection (Hallauer et al., 2010) .
Indirect selections based on correlations are important for resource and time saving, when they give greater response to selection than direct selections (Hallauer et al., 2010) . Literature on genetic correlations among agronomic traits and multiple diseases of common beans is still inadequate to enable comparisons within the present study.
Backcrossing pyramids to variety G2333 (Fig. 1) , which was the source of the Co4 2 genes for resistance to anthracnose (PastorCorrales et al., 1994) , obviously increased the allele dosages Co4 2 genes in the pyramided background and hence, the increased levels of resistance of pyramided progenies to anthracnose. It was obvious that the increment in allele dosages of Co4 2 genes in the pyramided background would increase the levels of resistance to Anthracnose disease as in Table 5 . This was confirmed with the higher frequencies of SCAR marker (SN02) bands (not yet published, Figs. 1 and 2A ) .
Differential responses of pyramids and blank bean progenies to field diseases shows that enhancing levels of resistance of well adapted bean genotypes through pyramiding multiple disease resistance genes, is possible and can mitigate production losses from field pathogens. Disease scores were generally higher for Andean materials compared to Mesoamerican materials, except for BCMNV for which the scores were similar between the two gene pools (Fig. 3) . A similar score of BCMNV between the two gene pools shows nonspecific interactions of pathogens to the two gene pools. As most of the released beans in Uganda belong to the Andean gene pool, most pathogen strains are thus expected to be of Andean origin. Hence, Andean beans will generally be more susceptible to these strains as reported in other studies for angular leaf spot (Guzman et al., 1995) and anthracnose (Balardin and Kelly, 1998) .
The predominant seed types and sizes in pyramided populations had characteristic of Mesoamerican beans (Fig. 2B ) based on descriptions in previous reports (Singh et al., 1991 and Beebe et al., 1995) . The parents of the genetic pyramids originated from the Mesoamerican gene pool (Okii et al., 2014) , consisting mainly of small-to medium-seeded bean lines.
Recovery of the recurrent parent traits and heritability estimates.
After three generations of backcrossing, the expected recovery of the recurrent parent (G2333) genome in pyramids would be 93.75% based on the assumptions that the proportion of the recurrent parent genome or genetic background would be recovered at a rate of 1 -(½) t+1 for each t backcrossing (Babu et al., 2004; Semagn et al., 2006) . While the proportion of donor genomes was expected to reduce by 50% at each advanced generation, if selection was for a few desired traits (Hospital, 2005) . Deviation from the expected 93.75% recovery of recurrent parent was attributed to physical linkages and interactions of major quantitative trait loci (QTLs) in donors (pyramid) and nearby genes with effects on agronomic traits (Ribaut and Hoisington, 1998; Semgn et al., 2006) .
There were many observed deviations from the expected 93.75% among pyramided population (Table 7) , because previous marker assisted selections ( Fig. 2A) was only for disease resistance; whereas interactions of other genes in the background shown by trait segregation influenced agronomic traits. Backcross methods are, therefore, only useful to transfer alleles at one or a few loci from a donor genotypes to elite and popular varieties (Allard, 1960; Semgn et al., 2006) . Plant type, seed colour and seed size were recovered most frequently (beyond 70%) (Table 6 ) due to their qualitative nature (Singh et al., 1991; Gomez, 2004) , which is further demonstrated by their high heritability and low environmental susceptibility. Climbing progeny lines were the most frequent, since only a quarter of the parents in the pyramiding schemes was a bush (MCM5001), locally released as K131 in Uganda. The zero frequency in recovery for polygenic traits, which included earliness (days to flowering <39 d), number of flower buds (zero), and numbers of nodes (zero) compared to the recurrent parent (G2333), was due to high genetic heterogeneity from observed trait segregations. These listed traits, had low recovery despite their high broad sense heritability values estimated (Table 1) and were, thus expected to be highly recovered within pyramided populations.
More investigations are needed to establish the reason(s) why traits with high heritability were not recovered at BC 3 F6 generation. One reason is because of high levels of genetic variations and population structure within common bean germplasm domesticated in the Mesoamerican origin (Okii et al., 2014) . Parents used to develop genetic pyramids (Fig.  1) were actually from this Mesoamerican gene pool (Fig. 2B) . Population Structure, in addition to segregations can cause false associations between markers used in selection and desirable genes. Hence attention needed to be paid to this situation, especially when selection is based on molecular markers, unlike conventional selection methods in bean breeding.
Comparable BCMNV scores among large seeded Andean checks, including NABE12C, NABE29C and K132 and Mesoamerican parents and pyramided line (Fig. 3) , in a coevolutionary perspective, suggests that the viral field strains that infected beans are genetically diverse, or that the resistance mechanisms and levels are similar between the two gene pools. Future deployments of Mesoamerican pyramids in Uganda, where commercially released varieties are predominantly Andean (Okii et al., 2014; Odogwu et al., 2017) , will reduce the diverse Andean pathogens and control important diseases fore-casting from co-evolutionary relationships of bean pathogens and the host. For example, resistance genes of Mesoamerican origin were found to be more effective in managing Andean Angular leaf spot pathotypes (Guzman et al., 1995; Pastor-Corrales, 1996; Mahuku et al., 2009) .
Superior common bean pyramids in this study were still segregating at the BC 3 F 6 stage (Table 6 ) and could be advanced further and fixed to homozygosity in late generations such as BC 3 F 10 . Genotype by environmental and stability of genetic pyramids, could also be tested in disease hotspots to identify superior lines with broader adaptability.
The observed similarity in scores of angular leaf spot and anthracnose disease for pyramids and donor parents, especially G2333 and MEX54; and the strong disease correlation values (Table 4) point to co-segregations of resistance genes for anthracnose (Co-5) and angular leaf spot (Phg-2) within the pyramided population. This putative linkage of genes of different fungal pathogens on the same chromosome could further be verified with genotypic data to test orientations of linkages in either trans or repulsions for effective gene pyramiding and selection with markers. Colocalisation of resistance genes for angular leaf spot and anthracnose in the same gene block of the beans chromosomes was reported (Miklas et al., 2006; Gonçalves-Vidigal et al., 2011) .
The fourth backcross if done will recover other desirable qualities like early flowering (less than 43 days) and progenies with more than 290 seeds per plant. There is need to determine the response of agronomic traits to selections to determine genetic gains in this important pyramided populations. We recommend testing for genetic and physical linkages, within the disease resistance genes pyramided and between the same genes and QTLs for flowering and other agronomic traits in common beans.
CONCLUSION
Pyramided bean lines segregate with varying levels of resistance to foliar diseases (Anthracnose and BCMNV). Pyramided disease resistance genes do not affect yield traits, except time to flowering and number of flower buds. Early maturing pyramided lines (flowering in less than 95 days) with high yield potential, with an average of 290 seeds per plant, have been identified among pyramided bean progenies.
